Previously, we have produced a phylogeny of species type strains from the plant-pathogenic genus Xanthomonas based on gyrB sequences. To evaluate this locus further for species and infraspecies identification, we sequenced an additional 203 strains comprising all the pathovar reference strains (which have defined plant hosts), 67 poorly characterized pathovars, currently classified as Xanthomonas campestris, and 59 unidentified xanthomonads. The well-characterized pathovars grouped either in clades containing their respective species type strain or in clades containing species related to Xanthomonas axonopodis. The Xanthomonas euvesicatoria, Xanthomonas perforans and Xanthomonas alfalfae species complex, Xanthomonas fuscans and Xanthomonas citri were discriminated as X. axonopodis-related clades and comprised a large proportion of unidentified strains as well as 80 pathovars representing all the X. axonopodis pathovars and many poorly characterized pathovars, greatly increasing the plant host ranges of the constituent species. Most xanthomonads from these three large clades were isolated from a taxonomically diverse range of plant hosts, including many weed species, from field systems in India, suggesting that these lineages became established and diversified in agricultural areas in this region. The majority of these xanthomonads had minimal sequence diversity, consistent with rapid and highly extensive pathovar diversification that has occurred in relatively recent times. Low-intensity farming practices may have provided conditions conducive to pathovar development, and evidence for pathovar diversification within other regional angiosperm floras is discussed. The gyrB locus was sufficiently discriminating to identify diversity within many species. Seven branches or clades were sufficiently distinct to be considered as potential novel species. This study has provided a comprehensive xanthomonad classification framework and has firmly established gyrB sequencing as a rapid and efficient identification tool.
INTRODUCTION
Species-level xanthomonad classification has been based largely on DNA-DNA hybridization, fatty acid profiling, rep-PCR and 16S rRNA gene sequencing (Stead, 1989; Vauterin et al., 1990 Vauterin et al., , 1995 Rademaker et al., 2005; Schaad et al., 2006) . However, xanthomonad identification to species level still poses significant problems for diagnostic laboratories. Consequently, it is a common but unsatisfactory practice to infer species classification by comparison of rep-PCR profiles with those of known pathovars (Saddler & Bradbury, 2005) . We have established previously (Parkinson et al., 2007) that gyrB sequences can discriminate all the Xanthomonas species type strains except those of Xanthomonas euvesicatoria, Xanthomonas perforans and Xanthomonas alfalfae, which form a species complex with identical gyrB sequences and are referred to in this study as the X. euvesicatoria species complex. This previous study also found that the artichoke and tomato pathogens Xanthomonas cynarae and Xanthomonas gardneri grouped within the Xanthomonas hortorum clade. As well as the alfalfa pathogen, this previous study also included two other recently described taxa, Xanthomonas citri and Xanthomonas fuscans (Schaad et al., 2005 (Schaad et al., , 2006 . This follow-up study will further evaluate gyrB sequencing as an identification tool and aims to provide a comprehensive phylogenetic framework to aid classification. By this means, the study will provide a clearer and more standard criterion for evaluation of taxa within the genus, and reduce problems that have previously been associated with Xanthomonas classification and taxonomy (Young et al., 1991) . Additionally, the study will further establish the initial gyrB phylogeny as a means of revealing the diversity, relatedness and evolutionary history of the genus.
To provide a comprehensive reference set, we sequenced a further 189 strains which included all pathovar (pv.) reference strains (referred to as pathotype strains) (which have defined plant-host ranges) together with 40 unidentified (Xanthomonas sp.) strains. A large number of these pathovars, many of which were isolated during the 1950s and 60s, have not been fully characterized and are provisionally classified as Xanthomonas campestris. To differentiate these from the more extensively characterized X. campestris pathovars, they are subsequently referred to in this study within square brackets and indicated using asterisks in the figures. The large collection of pathovars from India (see Table 1 for names) infect a very diverse range of plant species including indigenous herbs, minor crops, trees and weeds that originate mainly from arable fields (Padhya et al., 1965; Patel et al., 1969; Jindal et al., 1972) . These pathovars are an important resource, since their classification will provide important information on xanthomonad diversity in non-crop species from a specific region, knowledge of which is currently very limited.
METHODS
Protocols used for PCR amplification of the gyrB locus, sequencing and phylogenetic analysis were identical to those used previously (Parkinson et al., 2007) and can be found as supplementary material for this reference at IJSEM Online. The previous paper describes the phylogeny produced from a 530 nt clipped sequence from all species type strains, and provides details of the position of the sequenced region in relation to the entire gyrB gene. All pathovar strains used were designated reference pathotype strains, except for X. hortorum pv. carotae NCPPB 425, and were sourced from the NCPPB (National Collection of Plant Pathogenic Bacteria, Central Science Laboratory, Sand Hutton, York, UK) unless indicated. The following strains were from other collections: [X. campestris] pv. thespesiae LMG 9057, [X. campestris] pv. centellae LMG 3245, Xanthomonas arboricola pv. fragariae LMG 19145 were from the LMG Collection (Laboratorium voor Microbiologie en Microbiele Genetica, Rijksuniversiteit, Gent, Belgium) and X. citri subsp. malvacearum ICMP 217 T and [X. campestris] pv. brunneivaginae ICMP 9991 were from the ICMP International Collection (Landcare Research, Auckland, New Zealand). Unidentified xanthomonad isolates (Xanthomonas sp.) were from the NCPPB collection and are listed in Table 1 , which also lists the country of origin and host plant. Plant-host range and susceptibility studies for many pathovars have been reviewed by Bradbury (1986) . References supporting pathovar status are listed in the bacterial names section of the International Society for Plant Pathogenic Bacteria website (http:// www.isppweb.org). The circular phylogeny was produced using the online Interactive Tree of Life resource (http://itol.embl.de/; Letunic & Bork, 2007) . To ensure accuracy, all sequences were verified by comparison of both forward and reverse sequences, nearly all of which were determined from independently produced subcultures. Strain 7830 used to root the phylogenies shares 82 % sequence identity to Stenotrophomonas maltophilia ICMP 17033 T (GenBank accession no. EU499066.1) and 54 % to the closest xanthomonad sequence. This latter sequence can also be used to root the phylogenies.
RESULTS
GenBank accession numbers for the gyrB sequences are provided in Supplementary Table S1 , available in IJSEM Online. In agreement with other studies, we found that the pathotype strains of [X. campestris] pv. tardicrescens and X. hortorum pv. carotae were not xanthomonads. Limited 16S rRNA gene sequencing indicated that X. campestris pv. brunneivaginae and an unidentified xanthomonad also from rice (NCPPB 2925) were probably Sphingomonas strains. The non-pigmented Pseudomonas cissicola type strain, which has been reported as a member of Xanthomonas (Hu et al., 1997) , was placed in the X. citri subsp. citri clade. Other unidentified presumptive xanthomonads NCPPB strains 1683, 1773, 1774, 1775, 1829, 1981, 2147, 2497, 2632, 2925 and 4210 were found by 16S rRNA gene sequencing not to belong to the genus.
The circular phylogeny (Fig. 1) provides an overview of xanthomonad relatedness determined from gyrB sequence comparisons. A conventional phylogeny is provided as Supplementary Fig. S1 . For both phylogenies, trinomials separated by full stops are the species and pathovar designations. The composition of clades which are identified according to known species type strains or as novel species-level clades is provided in Table 1 . The largest clade, furthest from the Stenotrophomonas root, contains the X. euvesicatoria species complex and comprised 63 strains, all with minimal gyrB sequence diversity. Two further clades, respectively containing the newly described species X. citri and X. fuscans, comprised 21 [X. campestris] pathovars, 16 Xanthomonas axonopodis pathovars and five unidentified isolates. These three species are all related to X. axonopodis, and many of the pathovars were isolated from a taxonomically wide range of plants, many of which occur as agricultural weeds, in India. A sister clade to that containing X. euvesicatoria was identified which contained eight xanthomonads including three X. axonopodis pathogens of bean, begonia and manihot (pathovars phaseoli, begoniae and manihotis, respectively). Further clades within this group distinguished the type strain of X. axonopodis (along with the sugar-cane pathogen X. axonopodis pv. vasculorum) from Xanthomonas melonis, which grouped with [X. campestris] pv. lantanae. Pathovars within X. campestris, Xanthomonas translucens, Xanthomonas oryzae and X. arboricola grouped within clades containing their respective type strain. Other Xanthomonas sp. and [X. campestris] strains that were assigned to clades that increased the host range of existing species (including eight Xanthomonas sp. isolates assigned to Xanthomonas sacchari) are referred to in the discussion. The host ranges for Xanthomonas albilineans, X. bromi, X. cucurbitae, X. fragariae, X. hyacinthi, X. pisi, X. populi, X. theicola and X. vesicatoria were not increased.
The locus identified infraspecies diversity in many species, and most of the pathovars belonging to X. arboricola, X. translucens, X. hortorum and X. campestris were discriminated. Strains with distinct gyrB sequences and correspondingly long branch lengths relative to other recognized species (Fig. 2) Cyamopsis tetragonolobus India X. axonopodis pv. betlicola NCPPB 2972
Piper betle India X. axonopodis pv. cassiae NCPPB 2973
Cassia tora India X. axonopodis pv. coracanae NCPPB 1786
Eleusine coracana India X. axonopodis pv. desmodii NCPPB 481
Desmodium diffusum India X. axonopodis pv. desmodiigangetici NCPPB 577
Desmodium gangeticum India X. axonopodis pv. desmodiirotundifolii NCPPB 885
Desmodium rotundifolium India X. axonopodis pv. erythrinae NCPPB 578
Erythrina indica India X. axonopodis pv. fascicularis NCPPB 2230
Corchorus fascicularis India X. axonopodis pv. lespedezae NCPPB 993
Lespedeza sp. USA X. axonopodis pv. maculifoliigardeniae NCPPB 971
Gardenia sp. USA X. axonopodis pv. nakataecorchorii NCPPB 1337
Corchorus acutangulus India X. axonopodis pv. patelii NCPPB 840
Crotalaria juncea India X. axonopodis pv. pedalii NCPPB 2368
Pedalium mure India X. axonopodis pv. phyllanthi NCPPB 2066
Phyllanthus niruri Sudan X. axonopodis pv. physalidicola NCPPB 761
Physalis alkekengi Japan X. axonopodis pv. poinsettiicola NCPPB 581
Euphorbia pulcherrima India X. axonopodis pv. ricini NCPPB 1063
Ricinus communis Ethiopia X. axonopodis pv. tamarindi NCPPB 584
Tamarindus 
DISCUSSION
The overall phylogenetic structure of the genus determined from the previous gyrB study using type strains, and which places mainly monocot pathogens as the most ancestral species, was preserved in this study. Xanthomonads with sufficiently distinct sequences to be identified as novel species-level clades were a small proportion of the strains sequenced, and comprised exclusively poorly characterized [X. campestris] pathovars or unidentified strains. The phylogeny appears monophyletic, and the constituent species have probably diversified from a single lineage. The correct assignment of well-characterized pathovars to clades containing their respective or related reference pathotype strains confirms the accuracy of both the existing classification and the gyrB phylogeny. The inclusion of X. hortorum, X. cynarae and X. gardneri within the same clade has been identified in the previous gyrB study (Parkinson et al., 2007) . The X. hortorum pv. taraxi sequence further extends the diversity of this clade and has resulted in the inclusion of X. populi, which was previously a sister species in the clade.
By including all the pathovar reference strains, the phylogeny has provided a comprehensive overview of xanthomonad relatedness, which has enabled the classification of hitherto-unidentified or poorly characterized pathogens. Many [X. campestris] pathovars were assigned to species related to X. axonopodis. This is consistent with the broad grouping of some of these pathovars (Vauterin et al., 1990 ) that used earlier methods with less resolution than gyrB sequencing. Unidentified xanthomonads were assigned to a diverse range of species and novel specieslevel clades. Pathogenicity studies are needed to assess the disease significance of these hitherto-unidentified xanthomonads, especially for representatives of slc 7, which occur principally from important monocot crops.
The locus was sufficiently discriminating to identify infraspecies sequence variation; considerable diversity was identified within X. translucens, X. arboricola, X. hortorum and X. campestris, and most constituent pathovars were differentiated. The phylogeny has established the lineage between X. axonopodis and recently described related taxa, i.e. X. citri, X. fuscans and the X. euvesicatoria species complex, which was identified in the previous gyrB study. All the X. axonopodis pathovars grouped in clades containing these species, reflecting the relatedness of the taxa. Additional structure within these major clades was identified, including a sister clade to the X. euvesicatoria species complex, which comprised six pathovars, and differentiated the bean pathogens X. fuscans and X. axonopodis pv. phaseoli. Within X. citri, the phylogeny discriminated two subclades containing the subspecies X. citri subsp. citri and X. citri subsp. malvacearum (Schaad et al., 2006) . The X. citri subsp. citri clade included pathovars from a wide host range, including five taxa known to infect members of the Vitaceae, as well as the commercially important pathogens [X. campestris] pv. mangiferaeindicae and X. axonopodis pv. glycines. The X. citri subsp. malvacearum clade also includes pathovars from diverse hosts, but with several plant families included in the X. citri subsp. citri clade, mainly from India. The X. fuscans clade comprises pathovars largely from hosts in the Fabaceae but including X. fuscans pv. aurantifolii from Citrus aurantifolia. The X. axonopodis clade comprises just two pathovars, both from the Poaceae, namely X. axonopodis pv. axonopodis and the pathotype strain of X. axonopodis pv. vasculorum. The X. melonis clade has two members, the type strain of X. melonis and the pathotype strain of [X. campestris] pv. lantanae, from unrelated hosts from Brazil and India, respectively. Hence, these two lineages have not been subjected to the intense pathovar diversification seen in related clades isolated from India. Supplementary Fig. S1 . Tree construction used the neighbour-joining method. Note several clades with minimum sequence diversity. Strains with sequences dissimilar to known type strains are highlighted as species-level clades in Fig. 2 . Clade assignment of strains is provided in Table 1 . T, Type strain of indicated taxon; X.sp., unidentified Xanthomonas sp. strains with the NCPPB strain number given. Other strains are indicated as 'X.species.pathovar'; poorly characterized pathovars referred to in the text as [X. campestris] are indicated by asterisks. Accession numbers of sequences obtained in this study are given in Supplementary Table S1 .
an unclassified pathogen from the forage grass Tripsacum laxum. Strains from sugar cane and maize from southern Africa, originally classified as [X. campestris] pv. vasculorum but not included in this study, also have similar gyrB sequences to other members of this clade (Aritua et al., 2008) . They also had fatty acid profiles very similar to that of X. vasicola pv. holcicola (Dookun et al., 2000) . These strains were included in the study of Vauterin et al. (1995) and were placed as X. vasicola pv. vasculorum but, since pathogenicity test results were not included, the name was not correctly proposed. As well as identifying sequence diversity, this study has revealed previously unrecognized close relatedness between many pathovars. Minimal sequence diversity was found in a large number of xanthomonads which constitute the three clades that contained the X. euvesicatoria species complex, X. citri and X. fuscans. Though these three clades contain type strains that are crop pathogens of tomato, pepper, alfalfa, citrus and bean (Jones et al., 2004; Schaad et al., 2006) , our phylogeny indicates that they share close relatedness to 86 other pathovars that infect diverse plant species, including many weed and other species that were isolated in agricultural regions of India. The X. euvesicatoria species complex alone comprises 49 pathovars, most of which have identical sequences. Lack of sequence variation between pathovars indicates that rapid diversification has occurred, before mutations in gyrB sequences have had time to accumulate. The close sequence similarity within these three clades indicates that a large proportion of pathovars isolated from Indian agricultural systems have diversified relatively recently from three principal founding ancestral lineages. Weed species can be traded widely but indirectly, as crop-seed contaminants. Whilst importation of infected weeds may have accounted for some introductions of these pathogens into the region, the very large number of pathovars from India strongly suggests that this region was the geographical centre for their diversification. Low-intensity agriculture is associated with high weed densities and farming practices that are likely to transfer pathogens between plants. These conditions, together with crop trading, may have contributed to rapid pathovar development and dissemination. Diversification of these lineages probably dates from the beginning of modern agriculture in the subcontinent. The historical origins and spread of citrus canker from Asia, caused by X. citri, has been described recently (Janse, 2006) . A study from multiple loci from X. euvesicatoria strains from pepper has produced a divergence date range of between 28 and 1432 years ago, which corresponds to the time that these plants have been domesticated and cultivated (Wichmann et al., 2005) . Analysis of further loci may provide an estimate for the date at which the Indian xanthomonad species and lineages diverged.
Other examples of pathovar diversification in specific regional angiosperm floras are apparent which are similar to the regional centres found in endemic Ralstonia solanacearum phylotypes (Fegan & Prior, 2005) . Some, but not all, xanthomonads within X. arboricola comprise pathovars that infect plants that grow in European woodland, i.e. hazel, Prunus, walnut and strawberry. Pathovars of X. campestris may also have diversified in field systems, but from a different geographical centre other than India. Brassica species are common weeds of agricultural field systems, and many species are hosts of X. campestris. Extensive characterization of X. campestris isolates from naturalized Brassica species in coastal California revealed evidence of pathovar and race diversification in several related populations, which were generally found to be restricted to hosts within specific localized geographical sites (Ignatov et al., 2007) . The high frequency of xanthomonad isolation from these weeds and their distinctiveness from other local agricultural populations indicate that discrete xanthomonad populations are maintained in localized weed populations. In this current study, the inclusion of field poppy, plantain and chard pathogens within X. campestris is consistent with pathovar diversification among non-Brassica arable weeds. Those xanthomonads within the X. vasicola clade that have identical sequences were all isolated from monocotyledonous plants grown as plantation species (i.e. banana, sugar cane, Areca palm and Guatemala grass, Tripsacum laxum) and may have diversified into these hosts since farmers have been growing them together. Finally, X. translucens, a species largely restricted to hosts from the Poaceae and which was found to comprise pathovars that were a mixture of both earlier and more recently diverged origins, has probably diversified and been maintained in grasslands.
The identification of a large number of closely related pathovars that infect a diverse range of plant species has provided a new insight into the ability and potential of xanthomonad lineages to diversify and exploit new plant hosts. These pathovars will provide an important resource for future studies aimed at relating changes in xanthomonad genetic composition to host-range diversification. All classifications based on relatedness raise the question as to what cut-off should be applied to distinguish a species. The phylogeny has provided a means of quantifying and visualizing relatedness between xanthomonads that has clarified their classification. Whilst in this report we have concentrated on determining the overall phylogenetic structure of the genus to aid identification, our data clearly indicate the need for emendation of species descriptions. This issue can be addressed once further loci have been analysed to support the clade structure determined in this single-locus analysis. The simplicity of the protocols used for gyrB phylogenetic identification will facilitate the wider adoption of this identification scheme.
